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Abstract
We propose two-loop neutrino mass model with gauged hidden U(1) symmetry, and discuss a
Majorana type of dark matter candidate that has semi-annihilation processes in the relic density
as well as lepton flavor violations and muon anomalous magnetic moment. Also, we demonstrate
global analysis to satisfy neutrino oscillation data, lepton flavor violations, and relic density of dark
matter candidate and show that semi-annihilation modes play a crucial role in finding observed
relic density.
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I. INTRODUCTION
Neutrino mass and dark matter (DM) candidate might be tightly correlated each other,
because they possess several similar features such as zero electric charge and weak inter-
actions. Radiatively induced neutrino mass models are one of the promising candidates
not only to explain the neutrino and DM simultaneously but also to correlate them each
other [1]. In realizing neutrino mass generation at loop level, we usually require some sym-
metry to forbid tree level neutrino mass. Such a symmetry can also stabilize a DM candidate
forbidding its decay processes. A hidden gauge symmetry is one of the attractive candidates
to control a neutrino mass model with DM as the SM is described by the gauge symmetry.
In this paper, we study a radiative neutrino mass model at loop level with hidden gauged
U(1)H symmetry [2–12], considering fermionic DM candidate with semi-annhilation pro-
cesses as well as lepton flavor violations. In our model, Majorana mass term of extra neutral
lepton is induced at one-loop level, and then active neutrino mass is generated at one-loop
level containing Majorana mass of extra neutral lepton. Thus, in total, active neutrino
mass is generated at two-loop level. The semi-annihilation processes [13–21] are induced via
mixing between neutral components of inert bosons under gauge singlet and triplet which
also plays a role in generating nonzero neutrino masses at loop level. Note that existence of
semi-annihilation processes is due to the fact that accidental symmetry in stabilizing DM
is Z3 realized by charged assignment for U(1)H . Then, we numerically show that this semi-
annihilation modes are very important to find observed relic density of DM Ωh2 ≈ 0.12 [22]
in our model. Furthermore, we demonstrate the typical order of muon anomalous magnetic
moment (muon g − 2) from our new interactions.
This paper is organized as follows. In Sec. II, we review our model and formulate each
of new sector for bosons and fermions including active neutrinos. Then we discuss neutrino
mass generation mechanism, LFVs, muon g − 2, and our DM candidate. As for the DM
sector, we formulated the relic density in case where semi-annihilations are added in to the
annihilations. Then, we carry out global analysis numerically to investigate if our model
can satisfy neutrino oscillation data, LFVs, and relic density of DM, and show the allowed
regions for several observables. In Sec. III, we devote the summary of our results and the
conclusion.
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LLa eRa L
′
a E
′
a H1 H2 ∆ ϕ1 ϕ2 ϕ3 ϕ4 χ h
+
1 h
+
2 h
+
3
SU(2)L 2 1 2 1 2 2 3 1 1 1 1 1 1 1 1
U(1)Y -
1
2 -1 -
1
2 −1 12 12 1 0 0 0 0 0 1 1 1
U(1)H 0 0 −x −4x 0 3x 2x 3x (κ− 3)x (11− 2κ)x (κ− 5)x x 2x κx (2κ − 6)x
TABLE I: Charge assignments of the our lepton and scalar fields under SU(2)L×U(1)Y ×U(1)H ,
where x 6= 0, the loser index a is the number of family that runs over 1-3, all of them are singlet
under SU(3)C , κ is free parameter for charge assignment, and ∆ and χ are expected to be inert
bosons.
II. MODEL SETUP AND CONSTRAINTS
In this section we formulate our model. As for the fermion sector, we introduce three
families of vector fermions L′ and E ′ with respectively (2,−1/2,−x) and (1,−1,−4x)
charges under the SU(2)L × U(1)Y × U(1)H gauge symmetry, where x 6= 0. As for the
scalar sector, we add an SU(2)L doublet H2 with (1/2, x), triplet ∆ with (1, 2x), two
charged scalar h+α=1,2,3 with {(1, 2x), (1, κx), (1, (2κ − 6)x)}, and three singlets ϕA=1,2,3,4
with {(0, 3x), (0, (κ−3)x), (0, (11−2κ)x), (0, (κ−5)x)} and χ with (0, x) charges under the
U(1)Y × U(1)H gauge symmetry in addition to the SM-like Higgs that is denoted as H1,
where ∆ and χ are expected to be inert scalar fields. The parameter κ appearing in charge
of scalar fields is free parameter and it should not be some specific values to spoil inert
condition for χ and ∆; for example κ = 2 allows χϕ∗2 term endangering inert condition for
χ not to develop its VEV. Note also that we introduce three SU(2)L charged scalar fields
which are required to accommodate one-loop generation of Majorana mass term of neutral
component in L′ with inert condition for χ; we will explain more detain in Sec.II.A. Here
we respectively write the nonzero vacuum expectation values (VEVs) of H1, H2, and ϕA by
〈H1〉 ≡ vH/
√
2, 〈H2〉 ≡ vH′/
√
2 and 〈ϕA〉 ≡ vϕA/
√
2 after the spontaneous electroweak sym-
metry breaking. Relevant field contents and their assignments are summarized in Table I,
where the quark sector is the same as the SM and it is omitted from the table. The scalar
3
fields are written by their components as follows
H1 =

 φ+1
1√
2
(vH + h1 + ia1)

 , H2 =

 φ+2
1√
2
(vH′ + h2 + ia2)

 ,
∆ =

 δ+√2 δ++
1√
2
(v∆ + δR + iδI) − δ+√2

 , ϕA = 1√
2
(vϕA + ϕRA + iϕIA), χ =
1√
2
(χR + iχI),
(1)
where A = 1 − 4 distinguish singlet scalar fields generating VEVs. One linear combination
of singly charged components becomes Nambu-Goldstone(NG) boson which is absorbed by
W boson and two degrees of freedom in CP-odd scalars will be absorbed by Z and Z ′ bosons
as neutral NG bosons. The renormalizable Yukawa Lagrangian under these symmetries is
given by
−Lℓ = yℓaaL¯LaH1eRa + fabL¯LaL′Rbχ+ gLabL¯′cLa(iτ2)∆L′Lb + gRabL¯′cRa(iτ2)∆L′Rb
+MLaaL¯
′
LaL
′
Ra +MEaaE¯
′
LaE
′
Ra+yEL¯
′E ′H2 + yL′L¯
′cL′h+1 + h.c., (2)
where lower indices (a, b) = 1-3 are the number of families, τ2 is the second Pauli matrix,
yℓ and either of gL/R or ML,ME can be diagonal matrix without loss of generality, and we
omitted flavor index for the last two terms. Here, we assume both gL/R and ML,ME to be
diagonal for simplicity. The charged-lepton mass matrix is then given by mℓ = yℓvH/
√
2.
Z ′ boson from U(1)H : After spontaneous symmetry breaking of U(1)H , we have massive Z ′
boson. The mass of Z ′ is given by
m2Z′ = 9x
2v2H′ +
4∑
A=1
(QHA )
2v2ϕA , (3)
where QHA denote U(1)H charge of ϕA. This Z
′ couples to the SM fermions only through
kinetic mixing and/or Z-Z ′ mixing since it is associated with hidden gauge symmetry. In
this paper we assume Z ′ is much heavier than Z boson and the mixing is small. We thus do
not discuss Z ′ effect further in the following analysis.
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Scalar potential and VEVs: The scalar potential in our model is given by
V =µ2χ|χ|2 + µ21|H1|2 + µ22|H2|2 + µ2∆Tr[∆†∆]+
4∑
A=1
µ2ϕA|ϕA|2 +
3∑
α=1
µ2
h±α
h+αh
−
α
+µ1(H
†
2H1ϕ1 + h.c.) + λ1(h
+
3 h
−
2 ϕ1ϕ
∗
2 + h.c.) + λ2(h
+
3 h
−
1 ϕ
∗
1ϕ3 + h.c.)
+λ3(χ
2ϕ∗2ϕ4 + h.c.) + λχ(χ
∗ϕ1ϕ
∗
2ϕ4 + h.c.) + λ˜χ(χ
∗ϕ3ϕ
2
4 + h.c.)
+ λ(HT1 (iτ2)∆
†H2χ
∗ + h.c.)+λ′(HT1 (iτ2)H2h
−
2 ϕ2 + h.c.) + λ
′′(ϕ22ϕ3ϕ4 + h.c.)
+ λχ|χ|4 + λH1|H1|4 + λH2|H2|4 + λ∆Tr[|∆†∆|2] + λ′∆(Tr[∆†∆])2
+
4∑
A=1
[
λϕA|ϕA|4 + λϕAχ|ϕA|2|χ|2 + λϕAH1|ϕA|2|H1|2 + λϕAH2 |ϕA|2|H2|2
+λϕA∆|ϕ|2Tr[∆†∆] + λAh+
1
|ϕA|2h+1 h−1 + λAh+
2
|ϕA|2h+2 h−2 + λAh+
3
|ϕA|2h+3 h−3
]
+ λχH1|χ|2|H1|2 + λχH2 |χ|2|H2|2 + λχ∆|χ|2Tr[∆†∆]+
3∑
α=1
λχh+α |χ|2h+αh−α
+ λH1H2 |H1|2|H2|2 + λ′H1H2|H†1H2|2 + λH1∆|H1|2Tr[∆†∆] + λ′H1∆
3∑
i=1
(H†1τiH1)Tr[∆
†τi∆]
+ λH2∆|H2|2Tr[∆†∆] + λ′H2∆
3∑
i=1
(H†2τiH2)Tr[∆
†τi∆]
+
3∑
α=1
λ∆h+αTr[∆
†∆]h+αh
−
α +
∑
j=1,2
3∑
α=1
λHjh+k
|Hj |2h+αh−α , (4)
where τi(i=1-3) is Pauli matrices. In realizing neutrino mass generation at loop level, we
require χ and ∆ not to develop its VEV. Since three are terms proportional to χ, we have
non-trivial relation among parameters and the other VEVs to satisfy ∂V/∂χ = 0 with
〈χ〉 = 0 such that
λχvϕ1vϕ2vϕ4 + λ˜χvϕ3v
2
ϕ4
= 0. (5)
The other non-zero VEVs can be derived by solving the conditions ∂V/∂vH,H′,ϕA = 0 for
the scalar potential. The term with λ3 coupling lead mass difference between χR and χI
which is necessary to obtain non-zero contribution to active neutrino mass as we see below.
Here we assume singlet scalar VEVs are much higher than electroweak scale, and we obtain
potential for two Higgs doublet sector after ϕA developing VEVs. The VEVs of two Higgs
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doublet are then obtained from these equations;(
µ21 +
4∑
A=1
λH1ϕAv
2
ϕA
)
vH +
µ
2
√
2
vϕ1vH′ + λH1v
3
H +
λH1H2
2
vHv
2
H′ +
λ′H1H2
2
vHv
2
H′ = 0, (6)(
µ21 +
4∑
A=1
λH1ϕAv
2
ϕA
)
vH′ +
µ
2
√
2
vϕ1vH + λH2v
3
H′ +
λH1H2
2
vH′v
2
H +
λ′H1H2
2
vH′v
2
H = 0, (7)
Note also that the term with µ in the potential is necessary to avoid massless Goldstone
boson from two Higgs doublet sector. Inert singlet χ and neutral component of inert triplet
∆ can mix through the term proportional to λ in the potential. The mass matrix for
(χR/I , δR/I) is given by 
 M2χR/I λ√2vHvH′
λ√
2
vHvH′ M
2
δR/I

 , (8)
where M2χR/I and M
2
δR/I
are mass squared parameters for χR/I and δR/I obtained from the
scalar potential. Here, we define the mixing between each of the neutral component for χ
and ∆ as [23]
χR = cRH1 + sRH2, δR = −sRH1 + cRH2, (9)
χI = cIA1 + sIA2, δI = −sIA1 + cIA2, (10)
s2R =
√
2λvHvH′
m2H2 −m2H1
, s2I =
√
2λvHvH′
m2A2 −m2A1
, (11)
where sR/I is short-hand notation for sin θR/I .
The two Higgs doublet sector is similar to type-I two Higgs doublet model in which only
one Higgs doublet couples to the SM quarks and leptons. Thus we omit analysis of the
sector since its nature is already well studied.
A. Neutral fermion masses
Heavier neutral sector: Firstly Majorana masses of extra neutral fermion are generated at
one-loop level by the diagram in Fig. 1. The Majorana masses are given by parameters yE,
yL′, charged scalar masses and mixing among charged scalar bosons. Here, for simplicity,
we simply parametrize Majorana mass of neutral components of L′L(R) as µL(R). Before
proceeding we explain necessity of three charged scalar h+α . The effective operator generating
Majorana mass of L′ is written as (H†2H1)(L
′L′)×(product of singlet scalars) in our scenario.
6
FIG. 1: Feynman diagram to generate the masses of µL/R.
Since (H†2H1)(L
′L′) part has U(1)H charge x the remaining part should have charge −x.
Thus if the ”product of singlet scalars” does not contain number of scalar less than 4 we
obtain a renormalizable term proportional to χ in the potential. To avoid the situation, we
need at least three singly charged scalars.
Then extra neutral fermion mass matrix in basis of (NR, N
C
L )
T is given by [24–26]
MN =

 µR MTL
ML µL

 , (12)
where µL/R ≡ gL/Rv∆√2 . Since µL/R << ML, the mixing can be maximal. Thus, we formulate
the eigenstates in terms of the flavor eigenstate as follows:
M± ≃ML ± µL + µR
2
,

 NR
NCL

 = 1√
2

 i3×3 13×3
−i3×3 13×3



 ψR1
ψR2

 , (13)
where we symbolically denote the mixing to be Ω in the righthand side of the above equation
and [ψR1 , ψR2 ]
T represents the mass eigenstate. The heavy singly-charged fermions E ′ and
e′ in L′ also mix each other through yE. However since this sector does not affect our
phenomenology, we simply assume yEvH′/
√
2 << ME ,ML so that we work on e
′ or E ′ as
mass eigenstates.
7
FIG. 2: The diagram inducing active neutrino mass where the gray circle indicate diagram in
Fig. 1.
Active neutrino sector : The active neutrino mass matrix is induced at two-loop level 1, and
it is formulated by
mν = 2
6∑
α=1
YiaDNaY
T
aj
(4π)2
(
3M21F a1 −M42F a2 +M63F a3
)
, (14)
M21 = c2Rm2H1 + s2Rm2H2 − c2Im2A1 − s2Im2A2 , (15)
M42 = (s2R − s2I)m2H1m2A1 + (c2R − c2I)m2H2m2A2
− (s2Im2H2 − s2Rm2A2)(m2H1 +m2A1)− (c2Im2H1 − c2Rm2A1)(m2H2 +m2A2), (16)
M63 = (c2Im2H1 − c2Rm2A1)m2H2m2A2 + (s2Im2H2 − s2Rm2A2)m2H1m2A1 , (17)
F aρ =
∫ 1
0
Πk=1−5dxkδ(1−
∑
k=1−5 xk)
[x1D
2
Na
+ x2m
2
H1
+ x3m
2
A1
+ x4m
2
H2
+ x5m
2
A2
]ρ
, ρ = 1, 2, 3, (18)
where DN ≡ diag(M−,M+), and Yib ≡
∑
a=1−3 fiaΩab/
√
2. Neutrino mass eigenvalues (Dν)
are given by Dν = U
TmνU , where U is the observed lepton mixing matrix. Once we define
mν ≡ YMY T , one can rewrite Y (f) in terms of the other parameters [30, 31] as follows:
fik =
√
2
6∑
α=1
UTij
√
DνjjOjαM−1/2αα Ω†αk, (19)
where i, j, k = 1 − 3, α = 1 − 6, and O is a three by six arbitrary matrix with complex
values, satisfying OOT = 13×3 (OTO 6= 16×6), and |f | .
√
4π is imposed not to exceed the
perturbative limit.
1 Similar types of diagrams are found in refs. [27–29].
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Lepton flavor violations(LFVs) and Muon g − 2: ℓi → ℓjγ arise from the term f at one-loop
level, and its form can be given by [32, 33]
BR(ℓi → ℓjγ) = 48π
3αemCij
G2F
(
1 +
m2ℓj
m2ℓi
)
|Aij|2, (20)
where C21 = 1, C31 = 0.1784, C32 = 0.1736, αem is the electromagnetic fine structure
constant, GF = 1.166× 10−5 GeV−2, and
Aij =
3∑
a=1
fjaf
†
ai
64π2
∑
J=H1,2,A1,2
SJ
[
2 + 3raJ − 6r2aJ + 3r3aJ + 6raJ ln raJ
6m2J(1− raJ)4
]
, (21)
and raJ ≡ M
2
La
m2J
, SH1 ≡ c2R, SH2 ≡ s2R, SA1 ≡ c2I , SA2 ≡ s2I . These BRs are constrained by the
experimental upper bounds given by [32, 34–36]
BR(µ→ eγ) . 4.2× 10−13, BR(τ → eγ) . 3.3× 10−8, BR(τ → µγ) . 4.4× 10−8,
(22)
which will be imposed in our global analysis with numerical calculation.
We obtain new contribution to the muon g − 2 (∆aµ) from the same diagrams for LFVs
and it is found as
∆aµ ≈ −2mµA22, (23)
where the current experimental result suggests ∆aµ = (26.1± 8.0)× 10−10 [37]. 2
B. Dark matter candidate
DM candidate in the model is the lightest neutral extra fermion that is denoted as ψR1 ≡
XR in the following. In our construction, DM may decay via Xνχ coupling since χ can
transferred to ϕAs through interactions in the potential associated with coupling λχ and λ˜χ.
To make DM lifetime sufficiently long, we here assume λχ and λ˜χ are very small and/or
scalar bosons associated with ϕA are very heavy. Then decay width of DM can be very
small so that DM is stable in cosmological time scale.
2 Z boson decays are also important if sizable muon g − 2 is expected [23].
9
Relic density of Dark Matter: The relic density is severely restricted by the current
experiment Ωh2 ≈ 0.12 [22]. In order to estimate the relic density, one has to know the
interactions between DMs where the formulation is found as follows [13]:
〈σvrel〉i =
∑
i
∫∞
4M2X
ds
√
s− 4M2XW iXXK1
( √
s
MX
x
)
16M5Xx
−1K2(x)2
, (24)
W iXX =
1
32π2
√
1− 4M
2
X
s
∫
dΩ|M¯i|2, (25)
Ωh2 ≈ 1.07× 10
9GeV−1√
g∗(xf )MplJi(xf )
, Ji(xf ) =
∑
i
∫ ∞
xf
〈σvrel〉i
x2
, (26)
where g∗(xF ) ≈ 100 is the total number of effective relativistic degrees of freedom at the
time of freeze-out, Mpl = 1.22× 1019[GeV] is Planck mass. xf is also found as follows [13]:
xf ≃ ln
[
0.038c(c+ 2)〈σvanni〉gMXMpl√
g∗xf
]
+ ln
[
1 +
c + 1
c + 2
〈σvsemi−anni〉
〈σvanni〉
]
, (27)
where c =
√
2 − 1, 〈σvanni〉 is the total cross section for the DM annihilation modes, while
〈σvsemi−anni〉 is the total cross section for the DM semi-annihilation modes. The second term
in Eq. (27) reflects on the effect of the semi-annihilation processes.
In our case, the valid Lagrangian in terms of mass eigenstate is given by
−L = Yi1ν¯iPRX [(cRH1 + sRH2) + i(cIA1 + sIA2)]
+ (Y R∆ )11X¯PRX [(−sRH1 + cRH2) + i(−sIA1 + cIA2)] + h.c., (28)
(Y R∆ )11 ≡
3∑
a,b=1
ΩT1,agRabΩ
∗
b,1, (29)
where (Y R∆ )11 = gR11/2 in the case in which gR is diagonal matrix. Next task is to compute
each of the mass invariant square |M¯i|2, and we define each of modes as follows: |M¯1|2 is
the process of XX¯ → νiν¯j , |M¯2|2 is XX → νiνj , |M¯3|2 is XX¯ → Xν¯i(νiX¯), Here |M¯1,2|2
correspond to 〈σvanni〉, while |M¯3|2 corresponds to 〈σvsemi−anni〉. Then, each of invariant
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mass square is give by
|M¯1|2 =
∑
i,j=1−3
|Yi1Y †1j|2


∣∣∣∣∣∣
A1,2∑
J=H1,2
SJTJ
∣∣∣∣∣∣
2
(p1 · k1)(p2 · k2) +
∣∣∣∣∣∣
A1,2∑
J=H1,2
SJUJ
∣∣∣∣∣∣
2
(p1 · k2)(p2 · k1)
−Re

 A1,2∑
J=H1,2
S2JTJU
∗
J

M2X(k1 · k2)

 , (30)
|M¯2|2 =
∑
i,j=1−3
|Yi1Y †1j|2


∣∣∣∣∣∣
A1,2∑
J=H1,2
SJTJ
∣∣∣∣∣∣
2
(p1 · k1)(p2 · k2) +
∣∣∣∣∣∣
A1,2∑
J=H1,2
SJUJ
∣∣∣∣∣∣
2
(p1 · k2)(p2 · k1)
−Re

 A1,2∑
J=H1,2
S2JTJU
∗
J

 (2p1 · k1p2 · k2 − p1 · p2k1 · k2)

 , (31)
|M¯3|2 = 2
∑
i=1−3
Yi1Y
†
1i|(Y R∆ )11|2(p1 · p2)(k1 · k2)
×
∣∣∣∣ sRcRs−m2H1 + imH1ΓH1 −
sRcR
s−m2H2 + imH2ΓH2
+
sIcI
s−m2A1 + imA1ΓA1
− sIcI
s−m2A2 + imA2ΓA2
∣∣∣∣
2
,
(32)
where we define TJ ≡ 1/(M2X −m2J − 2p1 · k1), UJ ≡ 1/(M2X +m2J − 2p1 · k2).
C. Numerical analysis and phenomenology
Now that all of formulae are provided, we will move on to the global numerical analysis.
First of all, we fix the regions of our input parameters as:
Oij ∈ [−i, π + 10i], gR ∈ [0.1,
√
4π], sR/I ∈ [−1, 1], ML ∈ [100, 1000] GeV, (33)
µR/L ∈ [10, 100] GeV, (mH1,2 , mA1,2) ∈ [100, 5000] GeV, (ΓH1,2 ,ΓA1,2) ∈ [0, 10] GeV,
where Oij (i=1-3, j=1-6) consists of six independent parameters. Then we search the allowed
region to satisfy the neutrino oscillation data, LFVs, and relic density of DM candidate.
Fig. 3 represents the cross sections between annihilation and semi-annihilation processes,
where green region demonstrates 0 < Ωh2 ≤ 1, blue one 1 < Ωh2 ≤ 10, yellow one 10 <
Ωh2 ≤ 100, and red one 100 < Ωh2 ≤ 1000. Since observed relic density is about 0.1, the
green region is favored. Threrefore, semi-annihilation processes are crucial in our scenario.
Fig. 4 show branching ratio of µ → eγ in terms of muon g − 2, where each of colored
region gives the same meaning as Fig. 3. It suggests that typical size of muon g − 2 is
11
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FIG. 3: Cross sections between annihilation and semi-annihilation processes, where green region
demonstrates 0 < Ωh2 ≤ 1, blue one 1 < Ωh2 ≤ 10, yellow one 10 < Ωh2 ≤ 100, and red one
100 < Ωh2 ≤ 1000.
10-18 10-16 10-14 10-12 10-10
10-23
10-21
10-19
10-17
10-15
10-13
DaΜ
BR
HΜ
®
eΓ
L
FIG. 4: Branching ratio of µ → eγ in terms of muon g − 2, where green region demonstarates
0 < Ωh2 ≤ 1, blue one 1 < Ωh2 ≤ 10, yellow one 10 < Ωh2 ≤ 100, and red one 100 < Ωh2 ≤ 1000.
10−14 ∼ 10−12, which is smaller than the observed result by two order of magnitude. 3
3 If we have fine-tunings for our parameters; e.g., resonant points for semi-annhilation processes, then one
might be able to find sizable muon g − 2. But this is beyond our scope.
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III. SUMMARY AND DISCUSSIONS
We have proposed radiative neutrino mass model with gauged hidden U(1) symmetry,
and discussed fermionic DM candidate that has semi-annihilation processes in the relic
density, LFVs taking into account experimental constraints, and muon g− 2. In the model,
Majorana mass term of extra neutral fermions is generated at one-loop level. Then active
neutrino mass is generated at one loop level which contains contribution from the Majorana
mass of extra neutral fermions. Thus our active neutrino mass generation is at two loop
level in total. The lightest extra neutral fermion can be a DM candidate and its stability
is obtained choosing inert singlet scalar mixing to be very small. Then our DM induces
semi-annihilation processes.
We have demonstrated global analysis to investigate if our model can satisfy neutrino
oscillation data, lepton flavor violations, and relic density of dark matter candidate, and
shown that semi-annihilation modes play a crucial role in finding observed relic density.
Typical muon g − 2 is found in the region of the order of 10−14 ∼ 10−12, which is smaller
than the experimental result by two order of magnitude.
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